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The  ordered  porphyrin  Langmuir–Blodgett  (LB)  ﬁlms  were  prepared  under  different  surface  pressures.
The  UV–vis  absorption  spectrum,  infrared  spectrum,  cyclic  voltammetry  and  constant  potential  jump
were  used  for  testing.  UV–vis  spectra  showed  that  under  the  surface  pressure  of approx.  10  mN/m,  the
ordered  porphyrin  LB  ﬁlms  formed  were  demonstrated  by infrared  spectra.  With  the  order  degree  of  LBvailable online 29 April 2013
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ﬁlms strengthened,  the  charge  transfer  and storage  of  porphyrin  LB  ﬁlms  enhanced.  And it  was  measured
by  electrochemical  method.  IR spectrum  proves  that both  the  interaction  of  porphyrin  rings  (the  rings
can  form  the  head-to-head  structure)  and  that  of hydroxyl  groups  (the  groups  can  form  the  feet-to-feet
structure)  in  porphyrin  LB  ordered  ﬁlms  can  affect  the  charge  transfer  characteristics  of porphyrin  ﬁlms.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.harge transfer
nteraction
. Introduction
Recently, the electrochemical [1–3] and electrocatalytic prop-
rties [4–7] of porphyrin and its derivatives have attracted a lot
f attention. The electrode modiﬁed by porphyrin LB ﬁlm has
ecome the focus. Compare with spin-coating and self-assembly
ethod, the thickness of ﬁlms can be accurately controlled by
B technology and the defects of the molecular irregular arrange-
ent can be decreased. The porphyrin LB ﬁlms have been widely
pplied [8–12] in catalytic, sensor, and photochemistry because of
ts unique  conjugated system and the ordered arrangement. Por-
hyrin compounds have good absorption in the UV–vis with open
xial coordination [13]. When porphyrin compounds are arranged
n an ordered structure, the absorption spectra will change cor-
espondingly. And UV–vis absorption spectrum can identify the
hange. From the perspective of the group interactions, the infrared
bsorption spectrum further conﬁrms this change and the order
f molecular of LB ﬁlm, which is important for the study on the
nteraction between molecules [14]. In addition, that, the study of
he structure of molecular ordered LB ﬁlm [15] and charge transfer
haracteristics [16], has the practical signiﬁcance for understanding
he interaction of molecules and the surface performance change
f LB ﬁlm.
     
∗ Corresponding author. Tel.: +86 431 85166112; fax: +86 431 85166112.
E-mail addresses: liziheng@jlu.edu.cn, liziheng@sohu.com (Z.H. Li).
169-4332 © 2013 The Authors. Published by Elsevier B.V. 
ttp://dx.doi.org/10.1016/j.apsusc.2013.04.098
Open access under CC BY-NC-NIn this paper, porphyrin LB ﬁlm is modiﬁed on the ITO elec-
trode. Its characteristics of charge transfer and storage were studied
by cyclic voltammetry (CV) and the constant potential jump. The
results show that the ordered porphyrin ﬁlms have an important
effect on the charge transfer characteristic. The amount of trans-
fer charges and the diffusion coefﬁcient of charges of porphyrin
ﬁlm change regularly with the order degree of porphyrin molecular
and the increase of the number of layers of porphyrin ﬁlm. UV–vis
absorption spectra and infrared spectra identiﬁed the formation of
ordered structure of porphyrin LB ﬁlms.
2. Experimental methods
2.1. Materials and instruments
The porphyrin (C34H34N4O4) was prepared from the further
puriﬁed chloride iron porphyrins (C34H32ClFeN4O4, >98% purity,
Hetianlong Biotechnology Co., Ltd., China) [17]. The porphyrin
is dissolved in DMSO with the concentration of 3 × 10−5 mol/L
for tests. Fiber optic spectrometer (AvaSpec-2048, Netherlands)
was used for testing UV–vis absorption spectrum. Electrochemical
workstation (CS350, Wuhan Corrtest Instrument Co., Ltd., China)
was used for testing the CV and the constant potential jump. Fourier
transform infrared spectrometer (NICOLET 6700, U.S.A.) was used
for testing infrared spectrum.2.2. Preparation and electrochemical test of LB ﬁlms
The hydrophobic treated ITO glass was chosen as a base. Cleaned
it by distilled water, treated it with ultrasonic treatment for
D license.
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conductivity and charge transfer ability of porphyrin LB ﬁlms
increase with the increasing of surface pressure. The CV current
values of samples B, D and F are greater than samples A, C and E,
respectively. In other words, as the number of LB ﬁlms increases, the
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(f)ig. 1. UV–vis spectrum of porphyrin which is dissolved in DMSO with the concen-
ration of 3 × 10−5 mol/L.
–10 min  in a mixed solution of acetone and ethanol (the volume
atio is 1:1) and dried it. The porphyrin LB ﬁlms were prepared
s follows. Utilizing a syringe, the DMSO solution of porphyrin
as spread on the water sub-phase. The porphyrin ﬁlm formed
n the water surface after natural evaporation for 30 min, verti-
ally stretched at the pulling speed of 1 mm/min  (LB method), the
orphyrin LB ﬁlms were fabricated on ITO glass. The samples were
repared and named as follows. Under the surface pressure 0 mN/m
18], the ﬁlm stretched by 2 times was named as sample A and the
ne stretched by 4 times was sample B. Similarly, under the surface
ressures 5 mN/m, one was sample C and the other was  sample D,
nder the surface pressures 10 mN/m,  one was sample E and the
ther was sample F. A three electrodes system was used in elec-
rochemical test. An ITO conductive glass modiﬁed by porphyrin
B ﬁlms was used as a work electrode. A graphite electrode was
sed as auxiliary electrode and an Ag/AgCl electrode was used as
eference electrode. A KCl solution with concentration of 0.1 mol/L
as the supporting electrolyte for test. The scan range of CV mea-
urements was −0.8 to 0.8 V and the scanning speed was  30 mV/s
or two circles. The initial potential of constant potential jump and
ump potential were −0.6 V and 0 V, respectively. And the jump
ime was 250 ms.
. Results and discussion
.1. The absorption spectra
Fig. 1 shows the UV–vis absorption spectrum of porphyrin which
as dissolved in DMSO (3 × 10−5 mol/L). The ﬁve characteristic
bsorption peaks of porphyrin molecules are a Soret band peak
403 nm)  and four Q band peaks (505 nm,  539 nm,  574 nm and
30 nm,  respectively).
Fig. 2 shows the UV–vis absorption spectra of samples A–F. There
re no obvious differences on shape for the curves (a)–(c) and (e).
ompared with Fig. 1, the characteristic absorption peaks width of
orphyrin molecules increase. It shows that despite of the impact of
he interaction between porphyrins and ITO, porphyrins still main-
ained the molecular characteristics. The peak positions and peak
anges of the absorption spectra of sample D (curve in Fig. 2(d)) and
 (curve in Fig. 2(f)) change signiﬁcantly, which suggests that the
haracteristics of single-molecule porphyrin disappeared.
.2. The electrochemical characteristics of porphyrin LB ﬁlms
.2.1. CV curves
Fig. 3 shows CV curves of porphyrin LB ﬁlms. Each sample was
canned twice. The oxidation peaks of all samples appear around
0.6 V. The oxidation current value of (e) curve is signiﬁcantly
igher than those of (a) and (c) curves. It indicates that theFig. 2. UV–vis spectra of porphyrin LB ﬁlms. The corresponding curves of the sam-
ples A–F are (a)–(f), respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)E / V
Fig. 3. The CV graph of porphyrin LB ﬁlms. The corresponding curves of the samples
A–F are (a)–(f), respectively.
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Table 1
The slope for constant potential jump Q–t1/2 curves of porphyrin LB ﬁlms.
Surface pressure 2 layers ﬁlm 4 layers ﬁlm Ratio (4 layers/2 layers)
0 mN/m (A) 1.77 × 10−5 (B) 3.06 × 10−5 1.72
lidine fold stretching, respectively, and the 1069 cm position
corresponds to C–H symmetric stretching. In porphyrin LB ﬁlms
of Fig. 6(b) and (c), the Pyr ring vibration peak with large noise may
be affected by ITO. Compared with the monomer porphyrin, theig. 4. The constant potential jump Q–t and Q–t1/2 curves of porphyrin LB ﬁlms. The
orresponding curves of the samples A–F are (a)–(f), respectively.
lectrical conductivity and charge-transfer capacity decrease. As
he ﬁlm surface pressure increases, the difference of the peak cur-
ent value between the 4 times ﬁlm and the 2 times ﬁlm increases
radually. The results show that the density of porphyrin molecular
f LB ﬁlms is inversely proportional with the electrical conductivity.
.2.2. The constant potential jump curves
Fig. 4 shows the constant potential jump Q–t and Q–t1/2 curves
f porphyrin LB ﬁlms. From the curves (a), (c) and (e), the charge
apacity can be calculated as 4.17 × 10−6 C, 6.89 × 10−6 C, and
.11 × 10−6 C in 250 ms,  respectively. It shows that the charge stor-
ge capacity increases with the surface pressure for the LB ﬁlm of
 layers. While the charge storage capacity does not change sig-
iﬁcantly for curves (b), (d) and (f). It proves that the increasing
f molecule density of 4 layers ﬁlm has little effect on the amount
f storage charge. The amount of storage charge of 2 layers ﬁlm is
lways less than that of the 4 layers ﬁlm, and the difference between
hem decreases with the surface pressure increasing.
The Q–t1/2 is a linear relationship from 250 ms  to 500 ms  (Fig. 4).
he number of electron transfer can be obtained from the Cottrell
quation [19] Q = 2nFACD1/2t1/2/1/2. n, F, A, C and D are the Fara-
ay’s constant, the electrode area, the concentration of reactants,
nd the diffusion coefﬁcient, respectively. The slope of 4 layers LB
lm is greater than that of 2 layers ﬁlm under the same surface
ressure from the Q–t1/2 curve. The slope ratio of samples B, D,
nd F to A, C, and E (respectively) under different surface pressure
ecreases with the increasing of surface pressure. The values are
hown in Table 1. It notes that the number of charge transfer of 4
ayers ﬁlm is greater than that of 2 layers ﬁlm..3. The mechanism of ﬁlm forming
For the samples A, C, and E, the ratio of deposited porphyrin
olecules is 1:4:5 from the density of absorption peaks of 423 nm5  mN/m (C) 1.50 × 10−5 (D) 1.74 × 10−5 1.16
10 mN/m (E) 1.63 × 10−5 (F) 1.71 × 10−5 1.04
in Fig. 2. The absorption spectra of the three samples have no sig-
niﬁcant difference in curve shape. In Table 1, the electron transfer
number ratios of simple B and A show that the charge transfer ratios
are 1.16 and 1.04 without the surface pressure, which shows that
the contribution of the last twice of four times tension of the ﬁlm to
the charge transfer is small. However, for simple B and A, the pro-
portion of the number of electron transfer is 1.72, which indicates
that the 4 layers ﬁlm porphyrin molecules almost all contacted ITO
and made a contribution to the charge transfer. The results show
that when the surface pressure is 0 mN/m,  the porphyrin molecu-
lar disorderly and sparse dispersed on the surface of ITO because of
the strong hydrophobicity of ITO. In fact, after four times tension,
only one layer of porphyrin molecule LB ﬁlm formed under the sur-
face pressure 0 mN/m.  The absorption intensity ratio is also 1.72 at
the peak of 423 nm in Fig. 2, which is consistent with Table 1. It
further conﬁrms the above result that only one layer of porphyrin
molecule ﬁlm formed. I (in Fig. 5) shows that after 4 times tension
only one layer of porphyrin molecule formed without the surface
pressure. The absorption spectrum shape of the 8 times tension ﬁlm
is the same with curve (a) in Fig. 2 which indicates that there may
be multilayer ﬂat porphyrin ﬁlms forming on the surface of ITO.
When the density of porphyrin was  increased by four times (such
as samples C and E), and the porphyrin molecule distributed on the
ITO glass as a standing posture, then the porphyrin ﬁlms drawn in
different times would interact with each other in the head-to-head
way (Fig. 5III). The IR spectra of porphyrin in Fig. 6 prove that the
porphyrin is capable of forming a head-to-head structure which is
showed in the shadow region of Fig. 5III.
Fig. 6 shows the IR spectrum of porphyrin monomer (a) and the
LB ﬁlms. When the ITO is hydrophobic, the curves (b) and (c) are
the IR spectra of the samples F and E, respectively. The 785 cm−1and
833 cm−1 positions correspond to symmetric in-plane bending and
asymmetric stretching of porphyrin monomer. The 999 cm−1and
1406 cm−1 positions correspond to pyrrolidine half ring and pyrro-
−1Fig. 5. Formation diagram of porphyrin LB ﬁlm under different surface pressures.
(I) 0 mN/m;  (II) 5 mN/m; (III) 10 mN/m.
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yrrolidine half ring of porphyrin LB ﬁlms has a stronger stretch-
ng at the position of 1301 cm−1. This shows that the interaction
etween the porphyrin rings with a certain angle [20] enhances.
Fig. 6(a) shows the peak 1641 cm−1 corresponds to the hydroxyl
roups of porphyrin monomers and the peak 3417 cm−1 corre-
ponds to the hydroxyl stretching vibration. Furthermore, when
he porphyrin forms LB ﬁlms on ITO electrode surface, the peak
osition change to 1638 cm−1 and 3626 cm−1 (Fig. 6(b)). This can
e explained by hydrogen bonds, which were made of the feet-
o-feet structure between the hydroxyl groups in the porphyrin
lm. It leads to the increase of the bending vibration energy and
he decrease of the stretching vibration energy of hydroxyl groups
21]. Under the surface pressure 10 mN/m,  the hydroxyl stretching
ibration of 4 layers ﬁlm (when ITO is hydrophobic) is obviously
tronger than that of 2 layers ﬁlm (under the hydrophilic condition).
or the following reasons, under the surface pressure 10 mN/m, to 2
ayers ﬁlm, the interaction mainly exists between hydroxyl groups
nd hydrophilic ITO electrode, while to the hydrophobic 4 layers
lm, the hydroxyl interaction occurs between layer 1 and layer 2
nd between layer 3 and layer 4, and hydroxyl vibration is stronger
n an orderly LB ﬁlm. This shows that relying on hydroxyl groups
orphyrin molecules form the feet-to-feet interaction.. Conclusions
In this paper, using the methods of the cyclic volt-ampere and
he constant electricity rates jump, it is studied that the charge
[
[nce 279 (2013) 349– 352
transfer and storage characteristics of porphyrin LB ﬁlms on ITO-
substrate. The results show that the charge storage and charge
transfer of LB ﬁlms are inﬂuenced by the order of porphyrin
molecules and the layer-number of LB ﬁlms. With the order of
porphyrin molecules strengthened, the conductivity of the LB ﬁlm
enhances. However, with the increase of the layer, the electrical
conductivity of the LB ﬁlms decreases. UV–vis spectrum shows
that, the ordered ﬁlm forms under the surface pressure of about
10 mN/m,  and the disordered one forms without surface pressure.
The ordered and disordered form together when the surface pres-
sure is about 5 mN/m.  That, the formation of ordered membrane,
has been further conﬁrmed by infrared spectra. With the order
increased, the amount of charge stored in ﬁlms, which are stretched
2 times, signiﬁcantly increases. But, for the ﬁlms stretched 4 times,
it is not obvious that the amount of stored charge changes with
the enhancement of the order. IR spectra prove that, relying on the
porphyrin ring, the ordered porphyrin LB ﬁlms can form the inter-
action of the head-to-head structure, and also form the interaction
of feet-to-feet structure by hydroxyl, which essentially affects the
charge transfer characteristics of the porphyrin ﬁlms.
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